INTRODUCTION
Primordial germ cells (PGC) originate extragonadally and are considered to be the precursors of gametes. The PGC eventually migrate and differentiate into germ cells in the gonads or degenerate in the extragonadal regions (De Felici, 2010) . The migratory path of PGC is well documented in many invertebrate and vertebrate species. In Drosophila and most vertebrates, PGC originate near the gut and migrate through dermal layers toward the gonads (Richardson and Lehmann, 2010) . In birds, PGC originate in the epiblast and move to the hypoblast, forming the germinal crescent around the anterior primitive streak. They then migrate through circulation toward the gonads (Ginsburg and Eyal-Giladi, 1986; Tsunekawa et al., 2000) . The migratory process is mainly regulated by transmembrane receptors that receive external chemoattractant signals, which are then translated into cytoskeletal changes by effector molecules such as phospholipids and small GTPases (Richardson and Lehmann, 2010) . The PGC undergo rapid proliferation after settling in the gonads. The number of proliferating and migrating PGC in an early embryo is relatively less than in the gonadal PGC, but early embryonic PGC are required for germ cell migration studies, epigenetic studies, and the production of germline chimeras (Maeda, 1998; Ge et al., 2009; Choi et al., 2010) . For this reason, we have cultured PGC from early embryos to gain larger numbers of them for various kinds of research. Isolation of chicken PGC from somatic lineages for culture and genetic modification studies is now common (Han et al., 2006; van de Lavoir et al., 2006; Kim et al., 2010) . However, specific growth factors must be used in the culture medium to produce a high yield of PGC. We recently established a culture of chicken PGC with basic fibroblast growth factor (bFGF) under feeder-free conditions, and we characterized the PGC by analyzing morphology, survival, proliferation, apoptosis, and mitogen-activated protein kinase kinase/extracellular signal-regulated kinase (MEK/ERK) signaling. Agriculture and Life Sciences, Seoul National University, Korea ABSTRACT Primordial germ cells (PGC) from early embryos are applicable to various kinds of research, including the production of transgenic animals. Primordial germ cells eventually migrate and differentiate into germ cells in the gonads, where they settle and rapidly proliferate. However, the proliferation rate of PGC is low in early embryos, and there are many significant pathways that mediate PGC activity. Therefore, in vitro culture of PGC from early embryos with efficient growth factors has been necessary. Recently, we cultured chicken PGC from embryonic d 2.5 with basic fibroblast growth factor and characterized the PGC through analysis of cell morphology, survival, proliferation, and apoptosis. However, large-scale analyses of genes expressed in cultured PGC and the genes involved in associated pathways are limited. The objective of the present investigation was to identify the signaling and metabolic pathways of expressed genes by microarray comparison between PGC and their somatic counterpart, chicken embryonic fibroblasts (CEF). We identified 795 genes that were expressed more predominantly in PGC and 824 genes that were expressed more predominantly in CEF. Among the predominant genes in PGC, 201 were differentially identified in 106 pathways. Among the predominant genes in CEF, 242 were differentially identified in 99 pathways. To further validate the genes involved in at least one candidate pathway, those involved in the cell cycle (12 predominant genes in PGC and 8 predominant genes in CEF) were examined by real-time PCR. To the best of our knowledge, this study is the first to investigate signaling and metabolic pathways in cultured PGC.
Gene pathways and cell cycle-related genes in cultured avian primordial germ cells
Many signaling and metabolic pathways are involved in the migration, proliferation, and differentiation of PGC (Ge et al., 2009; Choi et al., 2010; Richardson and Lehmann, 2010) . However, to the best of our knowledge, few studies have identified and characterized the gene-related pathways in PGC. In the present investigation, we first performed microarray analysis to examine the significant transcripts and genes that are expressed in cultured PGC compared with their somatic counterparts, chicken embryonic fibroblasts (CEF). Fibroblasts are the most abundant type of connective tissue cell in an activated state of metabolism. Chicken embryonic fibroblasts synthesize an extracellular matrix rich in collagen that is used to maintain a structural framework in tissues and offer a good cell system for studying growth processes (Weissman-Shomer and Fry, 1975; Pessin and Glaser, 1980) . We identified the signaling and metabolic pathways of expressed genes mainly from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database using over-representation analysis. We then performed quantitative real-time PCR (qPCR) to confirm and validate the expressed genes related to one candidate pathway, the cell cycle. Our results help elucidate the metabolic and signaling pathways in extragonadal cultured PGC.
MATERIALS AND METHODS

Experimental Birds
The care and experimental use of animals was approved by the Institute of Laboratory Animal Resources of Seoul National University (SNU-070823-5). White Leghorn chickens were maintained according to a standard management program at the University Animal Farm. The procedures for animal management, reproduction, and embryo manipulation adhered to the standard operating protocols of our laboratory. Freshly laid eggs were incubated with intermittent rocking at 37.5°C under 50 to 60% RH until sample collection.
Culture of PGC and CEF for Microarray Data Generation
Blood PGC and CEF were cultured in triplicate. Blood PGC were cultured with a slight modification of our earlier procedure . Briefly, 2 µL of blood cells retrieved from the dorsal aorta of embryos on embryonic d 2.5 (E2.5, n = 20 for each replication) was cultured in knockout Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) with 7.5% fetal bovine serum (Hyclone, Logan, UT), 2.5% chicken serum (Sigma-Aldrich, St. Louis, MO), 2 mM GlutaMAX-I Supplement (Invitrogen), 1 × nucleosides (Millipore, Temecula, CA), 1 × nonessential amino acids, β-mercaptoethanol, and 10 ng·mL -1 human bFGF (Sigma-Aldrich). Cells were cultured in a CO 2 incubator at 37°C in an atmosphere of 5% CO 2 at 60 to 70% RH. The cultured PGC were subcultured in 3-to 4-d intervals by gently dissociating cell colonies using Accutase (Millipore). For CEF culture, all internal organs and limbs were removed from the embryos on E6.5 (n = 5 for each replication). The remaining embryonic body was then dissociated using 0.25% (vol/vol) trypsin-ED-TA at 37°C for 20 min. Then the cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and 1% antibiotic-antimycotic (Invitrogen) in a 5% CO 2 atmosphere at 37°C until passage 2.
Microarray Data Generation
Microarray data from PGC and CEF were generated in triplicate by Seoulin Bioscience Corporation (Seoul, Korea). Total RNA was extracted from cultured PGC (approximately 1.5 × 10 6 for each replication) and cultured CEF (approximately 6 × 10 6 for each replication) with a Qiagen RNeasy Kit (Qiagen, Valencia, CA). The DNA traces from the total RNA were degraded with RQ1 RNase-Free DNase (Promega, Madison, WI) before gene-expression analysis on a GeneChip Chicken Genome Array (Affymetrix, Santa Clara, CA). About 5 µg of total RNA from each sample was used for labeling. Probe synthesis, hybridization, detection, and scanning were performed according to standard Affymetrix protocols. The cDNA was synthesized using the One-Cycle cDNA Synthesis Kit (Affymetrix). Singlestranded cDNA was synthesized using Superscript II reverse transcriptase and T7-oligo(dT)-primers at 42°C for 1 h. Double-stranded cDNA was obtained using DNA ligase, DNA polymerase I, and RNase H at 16°C for 2 h, followed by T4DNA polymerase at 16°C for 5 min. After cleanup using the Sample Cleanup Module, double-stranded cDNA was used for in vitro transcription. The cDNA was transcribed using the GeneChip in vitro transcription Labeling Kit (Affymetrix) in the presence of biotin-labeled CTP and UTP. The biotinlabeled, in vitro-transcribed RNA was then fragmented and hybridized to the chicken genome GeneChip array at 45°C for 16 h. After hybridization, the arrays were washed in a GeneChip Fluidics Station 450 with a nonstringent washing buffer. The arrays were stained with a streptavidin-phycoerythrin complex. After staining, intensities were determined with a GeneChip scanner controlled by GeneChip Operating Software (GCOS, Affymetrix). The raw data of the bPGC and CEF microarray were deposited in the GEO database (accession number GSE38168).
Microarray Data Analysis
Gene expression data analysis was conducted using Microarray Suite 5.0 software (Affymetrix) and GenPlex v1.8 software (ISTECH Inc., Goyang, Korea). The MAS5 algorithm was employed for expression summary and signal calculation (Hubbell et al., 2002) . Global saline normalization using a GCOS algorithm was conducted, after which the normalized data were log 2 -transformed. A change in expression of at least 4-fold when comparing the means of the 2 groups and a Benjamini-Hochberg false discovery rate P-value of <0.05 according to Welch's t-test were applied. For better visualization and identification of highly significant transcripts in PGC compared with CEF (control), all transcripts in each test sample were clustered via hierarchical clustering using Pearson correlation. Furthermore, these significant genes were analyzed using the ORA approach (adjusted P-value <0.05) and the KEGG database (http://www.genome.jp/kegg/pathway.html; Kanehisa and Goto, 2000) for relative signaling and metabolic pathways (of the significant pathways, we focused on the cell cycle). To avoid repetition of genes with different synonyms during pathway analysis, all gene names and their corresponding gene symbols and accession numbers were checked against the National Center for Biotechnology Information (NCBI) GenBank (http://www.ncbi.nlm.nih.gov/genbank/) and Information Hyperlinked over Proteins (iHOP: http://www.ihop-net.org/UniPub/iHOP/) databases (Hoffmann and Valencia, 2004; Benson et al., 2011) .
Validation of Cell Cycle-Related Genes in PGC and CEF by qPCR
We concentrated our analysis on genes involved in the cell cycle pathway. Genes encoding proteins/enzymes that are predominantly expressed in PGC and CEF were identified in the KEGG Gallus gallus cell cycle pathway. The relative quantification of the expression levels of corresponding genes was examined by qPCR. The cDNA from PGC and CEF were amplified with forward and reverse primers of 20 genes related to the cell cycle (Table 1) . Gene expression was quantified using an iCycler Real-time PCR System (Bio-Rad, Hercules, CA). Each 20 µL of qPCR reaction mix contained 2 µL of cDNA, 2 µL of PCR buffer, 1.6 µL of 2.5 mM dNTP mixture, 10 pmol each of forward and reverse primers, 1 µL of 20 × EvaGreen (Biotium, Hayward, CA), and 1 unit of Taq DNA polymerase. The qPCR was performed with an initial incubation at 94°C for 3 min followed by 40 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s. The reaction was terminated by a final incubation at dissociation temperatures. The relative quantification of gene-specific expression was calculated using the 2 -ΔΔCt method after the threshold cycle (Ct) was normalized to that of chicken glyceraldehyde 3-phosphate dehydrogenase (GAPDH, F: 5′-CCT CTC TGG CAA AGT CCA AG; R: 5′-CAT CTG CCC ATT TGA TGT TG; size: 200 bp).
RESULTS
Significant Transcripts/Genes and Clustering
In this investigation, we initially performed gene-expression analysis on an Affymetrix GeneChip Chicken Genome Array containing 38,535 probes. We then applied Welch's t-test and fold-change cutoff for the selection of highly significant transcripts in PGC compared with the control sample (CEF). Based on the results, we identified a total of 2,605 expressed transcripts. Among these, 1,197 (45.95%) were more predominantly expressed in PGC, and 1,408 (54.05%) were more predominantly expressed in CEF. There were more CEFexpressed transcripts than PGC-expressed transcripts. Figure 1 shows volcano plots of significantly expressed transcripts in PGC and CEF. All transcripts were hierarchically clustered using Pearson correlation analysis (Figure 2) . Hierarchal clustering showed a difference in the expression of transcripts between our 2 test samples. Among the total expressed transcripts, we found only 795 genes that were predominantly expressed in PGC and 824 genes that were predominantly expressed in CEF. In addition, 402 (33.58%) transcripts of PGC and 584 (41.47%) transcripts of CEF did not match chicken genes.
Identified Pathways of Genes in PGC and CEF
To investigate essential pathways in cultured PGC compared with CEF, we examined the signaling pathways and metabolic pathways of all genes in the KEGG pathway database using overrepresentation analysis. Many genes were found to be involved in certain signaling and metabolic pathways. In total, 201 genes predominantly expressed in PGC were differentially identified in 106 signaling and metabolic pathways, and 242 genes predominantly expressed in CEF were differentially identified in 99 signaling and metabolic pathways. Figure 3 (panels A and B) shows the top 25 gene-related pathways in PGC and CEF, respectively. The top 10 gene-related pathways in PGC were the cell cycle (12 genes, P = 0.01), adherens junction (11 genes, P = 0), tight junction (11 genes, P = 0.01), neuroactive ligand-receptor interaction (11 genes, P = 0.66), ubiquitin-mediated proteolysis (10 genes, P = 0.01), endocytosis (9 genes, P = 0.28), MAPK signaling pathway (9 genes, P = 0.43), glycerophospholipid metabolism (8 genes, P = 0.02), spliceosome (8 genes, P = 0.36), and glycerolipid metabolism (7 genes, P = 0; Figure 3A ). The top 10 gene-related pathways in CEF were focal adhesion (40 genes, P = 0), ECM-receptor interaction (25 genes, P = 0), regulation of the actin cytoskeleton (22 genes, P = 0), cytokine-cytokine receptor interaction (21 genes, P = 0), MAPK signaling pathway (21 genes, P = 0.01), phagosome (15 genes, P = 0), TGF-β signaling pathway (13 genes, P = 0), endocytosis (12 genes, P = 0.38), vascular smooth muscle contraction (10 genes, P = 0.08), and tight junction (10 genes, P = 0.18; Figure 3B ). Supplementary Tables 1  and 2 (available online at http://ps.fass.org/) list these PGC-and CEF-expressed genes and their relative top 10 pathways, respectively. To meet the aims of the present study, we concentrated on the identification and ex- pression of genes predominantly expressed in PGC (12 genes, P = 0.01) and CEF (8 genes, P = 0.23) related to the cell cycle (Figure 3) .
Identification of the Position of Cell Cycle-Related Genes and Further Validation by qPCR
Cell cycle progression consists of 4 major phases, namely the DNA synthesis phase (S) and mitosis phase (M) separated by 2 growth phases (G1 and G2). We used the KEGG Gallus gallus cell cycle pathway to confirm the location of PGC-expressed and CEF-expressed genes (encoding proteins/enzymes) in all 4 phases (Figure 4 ). The PGC-expressed genes were as follows: ANAPC10, anaphase promoting complex subunit 10; CCNE2, cyclin E2; ORC6L, origin recognition complex, subunit 6-like; CDC7, cell division cycle 7 homolog; RBL1, retinoblastoma-like 1 (p107); CCNH, cyclin H; DBF4, DBF4 homolog; TFDP2, transcription factor Dp-2 (E2F dimerization partner 2); ORC1L, origin recognition complex, subunit 1-like; MAD1L1, MAD1 mitotic arrest deficient-like 1; TTK, TTK protein kinase; and WEE1, WEE1 homolog. The CEF-expressed genes encoding proteins were as follows: YWHAG, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, gamma polypeptide; CDKN2B, cyclindependent kinase inhibitor 2B (melanoma, p16, inhibits CDK4); CIP1, Cdk inhibitor CIP1 (p21); GADD45A, growth arrest and DNA-damage-inducible, α; MDM2, Mdm2, transformed 3T3 cell double minute 2, p53-binding protein; MYC, v-myc myelocytomatosis viral oncogene homolog; RB1, retinoblastoma 1 (including osteosarcoma); and TGFB3, transforming growth factor, β 3.
To further support this study, the 12 PGC-expressed genes and 8 CEF-expressed genes related to the cell cycle were examined by qPCR ( Figure 5 ). We normalized the qPCR expression with CEF. All PGC-expressed genes showed higher expression in PGC than in CEF. For example, ORC1L (3,068-fold), TFDP2 (214-fold), ORC6L (125-fold), and CCNH (100-fold) showed 100- fold or higher expression in PGC. Among the CEFexpressed genes, RB1 (398-fold), TGFB3 (204-fold), GADD45A (109-fold), and CIP1 (93-fold) were very different between PGC and CEF.
DISCUSSION
Recently, microarray-and proteomics-based approaches have begun to gain recognition in reproductive biology for establishing the molecular foundations of germ cells. In this study, we performed gene-expression analysis on an Affymetrix GeneChip Chicken Genome Array, and applied Welch's t-test and average fold-change analysis for the selection of significant transcripts in cultured PGC compared with CEF. In a transcript-based study, it is important to identify the genes that cloned completely or partially. Indeed, this facilitates further genomic studies . In this study, about 1,197 transcripts that matched 795 genes were predominantly expressed in PGC, 1,408 transcripts that matched 824 genes were predominantly expressed in CEF, and the remaining transcripts did not match any chicken genes. The total number of expressed transcripts, genes, and proteins may vary due to several posttranscriptional and posttranslational modifications (Singh and Sinclair, 2007) . In this study, many of the PGC-expressed genes were previously identified as PGC-specific marker genes in chickens, e.g., DDX4 (DEAD Asp-Glu-Ala-Asp box polypeptide 4) and DAZL (deleted in azoospermia-like; Tsunekawa et al., 2000; Rengaraj et al., 2010) . Transcripts that do not match any genes may possibly represent novel genes . We believe that the unmatched transcripts identified in this study may represent novel genes that show specificity in PGC; however, these unmatched transcripts need to be investigated further with extensive analyses.
After identifying significant genes in PGC, we entered all of them into the KEGG pathway database to identify the gene-related pathways using over-representation analysis. All of the PGC-expressed genes were differentially identified in 106 pathways. All of the identified pathways are critical for the maintenance of cultured PGC. Large-scale analysis of signaling pathways and metabolic pathways of genes tend to be a modern trend in microarray experiments. However, the identification and verification of gene expression in test samples is considered necessary to form a clear conclusion regard- Figure 4 . Kyoto Encyclopedia of Genes and Genomes (KEGG) Gallus gallus cell cycle pathway. Pathways of genes predominantly expressed in primordial germ cells (PGC) and chicken embryonic fibroblasts (CEF) were searched by over-representation analysis, and genes related to the cell cycle were identified. The PGC-expressed genes (encoding proteins/enzymes) are highlighted in the light background, and CEF-expressed genes are highlighted in the dark background. ORC6L, origin recognition complex, subunit 6-like; CDC7, cell division cycle 7 homolog; RBL1, retinoblastoma-like 1(p107); ANAPC10, anaphase promoting complex subunit 10; CCNE2, cyclin E2; CCNH, cyclin H; DBF4, DBF4 homolog; TFDP2, transcription factor Dp-2 (E2F dimerization partner 2); ORC1L, origin recognition complex, subunit 1-like; MAD1L1, MAD1 mitotic arrest deficient-like 1; TTK, TTK protein kinase; WEE1, WEE1 homolog; CDKN2B, cyclin-dependent kinase inhibitor 2B (melanoma, p16, inhibits CDK4); CIP1, Cdk inhibitor CIP1 (p21); GADD45A, growth arrest and DNA-damage-inducible, α; MDM2, Mdm2, transformed 3T3 cell double minute 2, p53-binding protein; YWHAG, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, gamma polypeptide; MYC, v-myc myelocytomatosis viral oncogene homolog; RB1, retinoblastoma 1 (including osteosarcoma); and TGFB3, transforming growth factor, β 3. G1, growth phase 1; S, DNA synthesis phase; G2, growth phase 2; and M, mitosis phase. Color version available in the online PDF (PGCexpressed genes are in red, and CEF-expressed genes are in green).
ing gene function (Alev et al., 2010) . It was impossible to include all identified pathways in this investigation. Therefore, we concentrated on genes related to the cell cycle as a candidate pathway. Because we used a 4-fold cutoff difference for data analysis, we believe that the identified genes may play vital roles in PGC.
This analysis revealed 12 PGC-expressed and 8 CEFexpressed genes distributed throughout the interphase and mitosis phase of the original cell cycle pathway. In a previous in vivo experiment in chickens, the proportion of cell cycle progression was high in gonadal PGC, with the number of M and S phase PGC being significantly increased after settling in the gonads (Maeda, 1998) . However, PGC proliferation in culture is different in that an appropriate growth factor must be added to the medium (Ge et al., 2009; Choi et al., 2010) . One such compound, bFGF, a member of the fibroblast growth factor family, plays diverse roles in the regulation of cell proliferation, migration, and differentiation during embryonic development (Feldman et al., 1995; Delaune et al., 2005; Choi et al., 2010) . In a previous report, we examined the cell cycle progression Figure 5 . Expression analysis of cell cycle-related genes that were predominantly expressed in primordial germ cells (PGC) and chicken embryonic fibroblasts (CEF). The cDNA from PGC and CEF were amplified with respective gene-specific primers. The relative expression of genes was calculated using the 2 -ΔΔCt method after the threshold cycle (Ct) was normalized with the Ct of chicken glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and CEF were used as the reference sample. ORC6L, origin recognition complex, subunit 6-like; CDC7, cell division cycle 7 homolog; RBL1, retinoblastoma-like 1 (p107); ANAPC10, anaphase promoting complex subunit 10; CCNE2, cyclin E2; CCNH, cyclin H; DBF4, DBF4 homolog; TFDP2, transcription factor Dp-2 (E2F dimerization partner 2); ORC1L, origin recognition complex, subunit 1-like; MAD1L1, MAD1 mitotic arrest deficient-like 1; TTK, TTK protein kinase; WEE1, WEE1 homolog; CDKN2B, cyclin-dependent kinase inhibitor 2B (melanoma, p16, inhibits CDK4); CIP1, Cdk inhibitor CIP1 (p21); GADD45A, growth arrest and DNA-damage-inducible, α; MDM2, Mdm2, transformed 3T3 cell double minute 2, p53-binding protein; YWHAG, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, gamma polypeptide; MYC, v-myc myelocytomatosis viral oncogene homolog; RB1, retinoblastoma 1 (including osteosarcoma); and TGFB3, transforming growth factor, β 3. Color version available in the online PDF.
of cultured PGC in the presence and absence of bFGF. Removal of bFGF for 24 h decreased the proportion of cells particularly in the S, G2, and M phases . The PGC used in this study were cultured in the presence of bFGF; thus, cell cycle progression and related gene signaling should be high. We performed qPCR to further examine the quantitative expression of all cell cycle-related genes. The expression pattern of all genes examined by qPCR was highly correlated with our microarray analysis.
We reviewed the functions of PGC-expressed genes in the cell cycle to identify their functions in cell proliferation and survival ( Figure 6 ). We found 2 genes belonging to the ORC family of proteins, including ORC1L and ORC6L. There were 6 subunits of ORC identified in eukaryotes. All ORC are required for the initiation of DNA replication in every organism's cell cycle, from yeast to humans (Balasov et al., 2009; Murai et al., 2010) . The normalized expression of ORC1L (3,068-fold) and ORC6L (125-fold) was high in PGC, according to qPCR analysis. The ORC6 protein is the smallest subunit of the ORC family. Silencing of ORC6 results in cells with multipolar spindles, aberrant mitosis, formation of multinucleated cells, and decreased DNA replication with a delay in daughter cell abscission (Prasanth et al., 2002; Bernal and Venkitaraman, 2011) . The TFDP2 (214-fold high expression in PGC) is one of the dimerization partners of the heterodimeric transcription factor E2F in the cell cycle (Zhang and Chellappan, 1995) . The E2F/TFDP2 coordinates the expression of a variety of genes, is involved in transcriptional function, and initiates G1/S transition (Rogers et al., 1996) . The E2F heterodimer plays a prominent role in apoptosis through p53 signaling (Hitchens and Robbins, 2003) . Retinoblastoma family proteins (RB1, RBL1, and RBL2) are major regulators of the cell cycle. The RB1 expression was identified in both the G1 and S phases, whereas RBL1 and RBL2 were restricted to the G1 phase (MacPherson et al., 2004; Spiller et al., 2010) . The RBL1 (31-fold high expression in PGC) is also one of the dimerization partners of E2F and is needed for the transition of G1 cells to the S phase (Ruiz et al., 2003) . CCNE2 and CCNH, both of which were highly expressed (40-and 100-fold, respectively), belong to the highly conserved cyclin family. Cyclin family proteins control the progression of cells by activating cyclin-dependent kinases (CDK; Galderisi et al., 2003) . The CCNE proteins are involved particularly in G1/S transition (Dolci et al., 2001) . The CCNH/ CDK7 complex controls cell division through activation of transcription and signal transduction. Disruption of the CCNH/CDK7 complex leads to arrest of cell division and other cellular defects during cell proliferation (Kim et al., 2001) . The CDC7 showed 40-fold high expression in PGC. The CDC7 is required for ordered activation of replication origins throughout the S phase Figure 6 . Schematic illustration of the cell cycle process of germ cells. The potential functions of predominant genes (encoding proteins/ enzymes) in primordial germ cells (PGC) during mitotic cell proliferation are shown. CCNE2, cyclin E2; TFDP2, transcription factor Dp-2 (E2F dimerization partner 2); RBL1, retinoblastoma-like 1 (p107); ORC1L, origin recognition complex, subunit 1-like; ORC6L, origin recognition complex, subunit 6-like; CCNH, cyclin H; CDC7, cell division cycle 7 homolog; DBF4, DBF4 homolog; WEE1, WEE1 homolog; ANAPC10, anaphase promoting complex subunit 10; TTK, TTK protein kinase; and MAD1L1, MAD1 mitotic arrest deficient-like 1. S, DNA synthesis phase; G1, growth phase 1; G2, growth phase 2; and M, mitosis phase. (Kim et al., 1998) . In eukaryotes, CDC7 binds with DBF4 (3-fold high expression in PGC) to form the heteromeric kinase complex CDC7-DBF4, which is essential to trigger the initiation of DNA replication during the S phase (Oshiro et al., 1999) .
The PGC-expressed gene WEE1 (39-fold) was identified as a regulator of G2/M transition. The WEE1 inhibits CCNB/CDC2 in the G2 phase, thereby preventing cell entry into mitosis (Murakami et al., 2004) . In the late G2 phase and during the M phase, WEE1 must be downregulated to allow activation of CDC2 by WEE1-antagonizing CDC25 phosphatase (Okamoto and Sagata, 2007) . Similarly, WEE1 and CDK1 can inactivate each other through inhibitory phosphorylation during the cell cycle (Kim and Ferrell, 2007) . However, in Xenopus germ cells, WEE1 expression is stable in the M phase (Murakami et al., 2004; Okamoto and Sagata, 2007) . The mitotic checkpoint inhibits entry into anaphase until all chromosomes have successfully attached to spindle microtubules (Abrieu et al., 2001) . The ANAPC10 (36-fold), TTK (54-fold), and MAD1L1 (7-fold) were highly expressed in PGC. The ANAPC10, TTK, and MAD1L1 proteins play crucial roles at the mitotic checkpoint. The ANAPC10 is part of the anaphase-promoting complex (APC) family, which includes at least 13 members. The ANAPC10 is a ubiquitin ligase that initiates anaphase and mitotic exit through APC phosphorylation and CDC20 binding (Kraft et al., 2003; Izawa and Pines, 2011) . Mutations in ANAPC10 inactivate APC without destabilizing the complex (Grossberger et al., 1999) . Both TTK and MAD1L1 were found to be kinetochore-associated kinases that are necessary to establish and maintain the mitotic checkpoint in vertebrates (Abrieu et al., 2001; Chung and Chen, 2002) . Downregulation of TTK or MAD1L1 expression arrests mitotic checkpoint activity and leads to chromosome anomalies in germ cells (Chung and Chen, 2002; Poss et al., 2004; Zhang et al., 2005) . Other identified genes and pathways are also thought to play critical roles in PGC proliferation. Therefore, in the future, we intend to study the identified genes and pathways highlighted in the present investigation.
In conclusion, we employed microarray analysis to retrieve significant genes and gene-related pathways in early embryonic PGC cultured in bFGF against CEF. All expressed genes were involved in gene-related pathways found in the KEGG database. Large numbers of genes predominantly expressed in PGC were identified in the cell cycle. Therefore, we verified the location and expression of predominant genes related to the cell cycle. The results of this study will help facilitate future pathway-based studies on cultured PGC.
